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,QWURGXFWLRQ
5DLOZD\VHFWRU LVDQRXWVWDQGLQJPRGHRI WUDQVSRUWDPRQJ WKHPRVWHVVHQWLDODQGEURDGO\XWLOL]HGPHWKRGV IRU
WUDQVSRUWDWLRQFRQYH\LQJFDUJRSDVVHQJHUVPLQHUDOVJUDLQVDQGVRIRUWK5DLOZD\SUHVWUHVVHGFRQFUHWHVOHHSHUVKDYH
EHHQ XVHG LQ UDLOZD\ LQGXVWU\ IRU RYHU  \HDUV >@ 7KH UDLOZD\ VOHHSHUV RU FDOOHG µUDLOURDG WLHV¶ DUH DPDLQ
FRPSRQHQW RI UDLOZD\ WUDFN VWUXFWXUHV 7KH VOHHSHUV FDQ EH PDQXIDFWXUHG XVLQJ WLPEHU FRQFUHWH VWHHO RU RWKHU
HQJLQHHUHGPDWHULDOV>@&RQFUHWHVOHHSHUVZHUHLQLWLDOO\LQVWDOOHGRQWUDFNIRUPDQ\GHFDGHVDJRDQGDWSUHVHQWDUH
EHLQJXVHGLQDOPRVWHYHU\ZKHUHLQWKHZRUOG7KHLUPDMRUUROHLVWRUHGLVWULEXWHZKHHOORDGVIURPWKHUDLOIHHWWRWKH
VXSSRUWLQJEDOODVWEHG5DLOZD\WUDFNVWUXFWXUHVDUHRIWHQVXEMHFWHGWRLPSDFWORDGLQJFRQGLWLRQVRZLQJWRZKHHOUDLO
LQWHUDFWLRQVZLWKFRPPRQGHIHFWVLQHLWKHUDZKHHORUDUDLO>@,QDGGLWLRQUDLOZD\WUDFNFRPSRQHQWVDUHRIWHQ
EHLQJPRGLILHGDWFRQVWUXFWLRQVLWHVWRILWZLWKVLJQDOOLQJJHDUVFDEOHVDQGDGGLWLRQDOWUDLQGHUDLOPHQWSURWHFWLRQV
VXFKDVJXDUGUDLOVFKHFNUDLOV(DUWKTXDNHSURWHFWLRQUDLOVHWF7KHUHH[LVWVQRSUDFWLFDOJXLGHOLQHRUPHWKRGIRU
VOHHSHUUHWURILWDQGPRVWDWWHPSWVZHUHFDUULHGRXWEDVHGRQH[SHULHQFHV(YHQWKRXJKVXFKUHWURILWWLQJWDVNLVYHU\
FRPPRQ LQ SUDFWLFH WKH VWUXFWXUDO EHKDYLRXU RI KROHV DQGZHERSHQLQJV RQ FRQFUHWH FURVVWLHV KDV QRW EHHQZHOO
GRFXPHQWHGLQRSHQOLWHUDWXUH$VDUHVXOWLWLVLPSRUWDQWWRXQGHUVWDQGERWKVWDWLFDQGG\QDPLFEHKDYLRXUVRIWKH
UDLOZD\FRQFUHWHVOHHSHUVZLWKKROHVDQGZHERSHQLQJV>@7KHLQVLJKWLQWRVWDWLFEHKDYLRXUVZLOOQRWRQO\UHVXOWLQ
DVDIHUDQGPRUHUHOLDEOHGHVLJQPHWKRGIRUUDLOZD\LQIUDVWUXFWXUHEXWLWFDQDOVRWUDQVODWHDQGDSSO\WRRWKHUFLYLO
FRQFUHWHVWUXFWXUHV

1RPHQFODWXUH
N FXUYDWXUH
G GLDPHWHURIKROHRUZHERSHQQLQJ
GF GHSWKRIVOHHSHUDWFHQWUH
GU GHSWKRIVOHHSHUDWUDLOVHDW
J UDLOJDXJH
O WRWDOOHQJWKRIVOHHSHU
P PDVVRIVOHHSHU
ZF ZLGWKRIVOHHSHUFHQWUH
ZU ZLGWKRIVOHHSHUUDLOVHDW


)LJ0RQREORFNDQGWZLQEORFNFRQFUHWHVOHHSHUV>@
6LJQLILFDQFHDQGRULJLQDOLW\
5DLOZD\FRQFUHWHVOHHSHUVRUFURVVWLHVKDYHEHHQLQLWLDOO\GHYHORSHGIRUPDQ\GHFDGHVJOREDOO\DQGEHFRPHWKH
PRVWSRSXODUFKRLFHHYHU\ZKHUHLQWKHZRUOGEHFDXVHRILWVFRVWHIILFLHQF\GXUDELOLW\PDLQWDLQDELOLW\DQGSRVLWLYH
EHQHILWVLQWUDFNVWDELOLW\7KHLUPDLQIXQFWLRQLVWRGLVWULEXWHORDGVIURPWKHUDLOIRRWWRWKHXQGHUO\LQJEDOODVWEHG
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5DLOZD\WUDFNVWUXFWXUHVRIWHQH[SHULHQFH LPSDFW ORDGLQJFRQGLWLRQVGXH WRZKHHOUDLO LQWHUDFWLRQVDVVRFLDWHGZLWK
DEQRUPDOLWLHVLQHLWKHUDZKHHORUDUDLO5HPHQQLNRYDQG.DHZXQUXHQ$VDUHVXOWLWVVWUXFWXUDOSHUIRUPDQFH
PXVWEHUHSHWLWLYHO\TXDQWLILHGLQRUGHUWRLGHQWLI\DQ\SRWHQWLDOVDIHW\KD]DUGV6XFKKD]DUGVDUHRIWHQGHULYHGIURP
WKHIDFWWKDWUDLOZD\WUDFNFRPSRQHQWVDUHRIWHQPRGLILHGRUUHWURILWWHGDWFRQVWUXFWLRQVLWHVWRLQVWDOODGGLWLRQDOEXW
QHFHVVDU\ VLJQDOOLQJ JHDUV FDEOHV DQG DGGLWLRQDO WUDLQ GHUDLOPHQW SURWHFWLRQV VXFK DV JXDUG UDLOV FKHFN UDLOV
(DUWKTXDNHSURWHFWLRQUDLOVHWF7KHHQJLQHHULQJJXLGHOLQHIRUFURVVWLHUHWURILWKDVQRWEHHQZHOOHVWDEOLVKHGDOWKRXJK
LWLVDFRPPRQWDVNLQFRQVWUXFWLRQVLWH,QDGGLWLRQWKHVWUXFWXUDOEHKDYLRXURIKROHVDQGZHERSHQLQJVRQFRQFUHWH
FURVVWLHV LVQRWDYDLODEOH LQRSHQOLWHUDWXUH,Q WKLVPDQQHU LW LVFUXFLDO WRXQGHUVWDQGVXFKEHKDYLRXUVRIFRQFUHWH
VOHHSHUVDIWHUEHLQJUHWURILWWHGDQGPRGLILHGIRUDGGRQIL[WXUHLQSUDFWLFH>@7KHHPSKDVLVRIWKLVVWXG\KDV
EHHQSODFHGRQWKHVWDWLFVWUXFWXUDOEHKDYLRXUVRIWKHVOHHSHUVZLWKKROHVDQGZHERSHQLQJV([SHULPHQWDOZRUNKDV
EHHQFDUULHGRXWLQRUGHUWRJLYHEHWWHUHYLGHQFHEDVHGLQVLJKWLQWRWKHVWUXFWXUDOEHKDYLRXUVLPSURYLQJVDIHW\DQG
UHOLDELOLW\ RI UDLOZD\ LQIUDVWUXFWXUH DQG HQKDQFLQJ WKH VWUXFWXUDO VDIHW\ RI RWKHU VLPLODUO\ UHWURILWWHG FRQFUHWH
VWUXFWXUHV
([SHULPHQWDOLQYHVWLJDWLRQV
7KHWHVWVHWXSVKDYHFDUULHGRXWLQDFFRUGDQFHZLWK%ULWLVK6WDQGDUGV%6(1>@LQRUGHUWR
SURYLGHEHQFKPDUNLQJW\SHWHVWLQJUHVXOWVDVVKRZQLQ)LJ7DEOHVKRZVWKHGLPHQVLRQRIVOHHSHUVSHFLPHQV
VXSSOLHG E\1HWZRUN5DLO DQGPDQXIDFWXUHG E\&(0(;7KH WHVWLQJZDV XQGHUWDNHQ XVLQJ GLVSODFHPHQW FRQWURO
PHWKRGDWDVORZORDGUDWHLQRUGHUWRREWDLQPRUHDFFXUDWHGDWD7KHWHVWHTXLSPHQWLVDVIROORZV
x 6WUDLQJDXJHVDQGZLUHVDWWRSDQGERWWRPILEUHPPDQGVWUDLQJDXJHEULGJHV
x /RDGFHOO
x /LQHDUSRWHQWLRPHWHUDWWKHQHXWUDOD[LVDQGWRSRIWKHVOHHSHUDQG
x &RPSXWHUDQGGDWDORJJHU'$7$/2**(5648,55(/86%


)LJ$UUDQJHPHQWDWWKHUDLOVHDWIRUSRVLWLYHEHQGLQJWHVW
7DEOH&(0(;VOHHSHUSURSHUWLHVSDVVHQJHUUDLOQHWZRUN
0DVVNJ *DXJHOHQJWK
P
7RWDOOHQJWK
P
$WUDLOVHDWP $WFHQWUHP
ZU GU ZF GF
      
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)LJGHPRQVWUDWHVGLIIHUHQWW\SHRIKROHVDQGZHERSHQLQJLQFRQFUHWHVOHHSHUV1RWHWKDWPPGLPHWHUKROHLV
DSUDFWLFDORSWLRQIRUGULOOLQJVOHHSHUV7KHPD[LPXPSRVLWLYHEHQGLQJPRPHQWVRIWKHVOHHSHUVRFFXUDWWKHUDLOVHDW
ZKLOHWKHPD[LPXPQHJDWLYHEHQGLQJPRPHQWRFFXUVDWWKHFHQWHURIWKHVOHHSHU6RWKHIOH[XUHEHQGLQJVWUHQJWK
DWUDLOVHDWLVJHQHUDOO\WKHPRVWYLWDOYDULDEOHIRUSUHVWUHVVHGFRQFUHWHVOHHSHUGHVLJQZKLFKLVDIIHFWHGE\SUDFWLFDO
UHWURILWWLQJ DSSURDFK XVLQJ KROH DQGZHE RSHQLQJ0RPHQWGHIOHFWLRQ FXUYH VKRZV D VLPLODU EHKDYLRXU DV ORDG
GHIOHFWLRQFXUYH,WFDQEHSORWWHGXVLQJWKHGDWDIURPWKHORDGGHIOHFWLRQFXUYH0D[LPXPPRPHQWZLOOEHFDOFXODWHG
IURP WKH PD[LPXP ORDG REWDLQHG IURP WKH ORDGGHIOHFWLRQ FXUYH )LJ  GHPRQVWUDWHV WKH PRPHQWGHIOHFWLRQ
FRPSDULVRQRIWKHH[SHULPHQWDOUHVXOWVIRUWKHVOHHSHUZLWKDQGZLWKRXWKROHDQGZHERSHQLQJ
D 
E 
)LJ6OHHSHUVZLWKKROHDQGZHERSHQLQJDWUDQVYHUVHKROHZHERSHQLQJEYHUWLFDOKROH

)LJ0RPHQWGHIOHFWLRQFXUYHRIWKHVOHHSHUVZLWKDQGZLWKRXWKROHDQGZHERSHQLQJ
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7KHORDGLQJZDVDSSOLHGDWDPRGHUDWHUDWHLQRUGHUWRDFKLHYHDGLVSODFHPHQWFRQWUROOHGWHVWIRUPRUHDFFXUDWH
UHVXOWV>@7KHUHIRUHWKHFUDFNSDWWHUQVDQGWKHJURZWKZHUHYLVXDOO\REVHUYHGGXULQJWKHWHVWLQJ$WWKHSRLQW
ZKHQDFUDFNZDVLQLWLDOO\VHHQDWILUVWJODQFHFRUUHVSRQGLQJORDGZDVUHFRUGHGIRUHYHU\VOHHSHUFDVH8QGHUIOH[XUDO
PRGHWKHFUDFNVLQLWLDOO\RFFXUUHGDWWKHERWWRPILEUHRIWKHVOHHSHUGXHWRWKHH[FHHGLQJRIWKHWHQVLOHVWUHQJWKRIWKH
FRQFUHWHDQGVSUHDGWRZDUGVWKHWRSILEUHZKHUHWKHFRPSUHVVLRQ]RQHOLHV)XUWKHUPRUHWKHVXGGHQUHGXFWLRQRIWKH
ORDGRUPRPHQWFDSDFLW\VKRZQLQ)LJLOOXVWUDWHVWKHEULWWOHIDLOXUHRIFRQFUHWHZKHUHWKHUHVWRIWKHVPDOOFKDQJHV
RIWKHORDGVDUHGXHWRVWHHSVWUDQGVQDSV,WZDVOLNHZLVHREVHUYHGWKDWWKHGLDPHWHURIWKHKROHGRHVQRWDIIHFWWKH
FUDFN SDWWHUQ YHU\ PXFK )RU HYHU\ VOHHSHU FDVH ZLWK GLIIHUHQW GLDPHWHUV WKHUH LV D FRPSDUDEOH FUDFN SDWWHUQV
7KHUHIRUHRQHEHIRUHDQGDIWHUORDGFUDFNLQJSDWWHUQKDVEHHQSUHVHQWHGIRUWKHVOHHSHUVZLWKKROHVDQGZHERSHQLQJV
DVVKRZQLQ)LJ
 
DVOHHSHUZLWKQRZHERSHQLQJVEHIRUHORDGLQJ

E6OHHSHUZLWKQRZHERSHQLQJVDIWHUORDGLQJ

F6OHHSHUZLWKWUDQVYHUVHKROHEHIRUHORDGLQJ
)LJ&UDFNJURZWKRIWKHVOHHSHUVZLWKDQGZLWKRXWKROHDQGZHERSHQLQJ
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 
G6OHHSHUZLWKWUDQVYHUVHKROHDIWHUORDGLQJ

H6OHHSHUZLWKYHUWLFDOKROHEHIRUHORDGLQJ
 
I6OHHSHUZLWKYHUWLFDOKROHDIWHUORDGLQJ
)LJ&UDFNJURZWKRIWKHVOHHSHUVZLWKDQGZLWKRXWKROHDQGZHERSHQLQJ
&RQFOXVLRQV
7KLVSDSHUSUHVHQWVWKHZRUOGILUVWH[SHULPHQWDOLQYHVWLJDWLRQVLQWRWKHVWUXFWXUDOEHKDYLRXUVRIUDLOZD\SUHVWUHVVHG
FRQFUHWHVOHHSHUVZLWKKROHVDQGZHERSHQLQJV$VDFRPPRQSUDFWLFHWUDFNHQJLQHHUVRIWHQJHQHUDWHKROHVRUZHE
RSHQLQJVLQFRQFUHWHVOHHSHUVWRHQDEOHWKHDFFRPPRGDWLRQRIUDLOHTXLSPHQWFDEOHVDQGVLJQDOOLQJHTXLSPHQW7KLV
VWXG\DLPVWRSURYLGHEHWWHUXQGHUVWDQGLQJLQWRVWUXFWXUDOLQWHJULW\DQGPRPHQWGHIRUPDWLRQFDSDFLW\RISUHVWUHVVHG
FRQFUHWHVOHHSHUVZLWKDQGZLWKRXWKROHVDQGZHERSHQLQJV7KHH[SHULPHQWDOUHVXOWVH[KLELWVWKDWWKHVOHHSHUVZLWK
WUDQVYHUVHKROHRUZHERSHQLQJDUHLQFDSDEOHRIPDLQWDLQLQJVOHHSHUGXFWLOLW\7KLVLQVLJKWKHOSVSURYLGHGHFLVLRQ
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